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Peroxisome proliferator-activated receptors (PPARs)
regulate genes involved in lipid metabolism and adi-
pocyte differentiation. Steroid receptor coactivator-1
(SRC-1) and PPAR-binding protein (PBP) interact with
PPARY and act as coactivators to enhance ligand-de-
pendent transcription. We report here that PPARY,
SRC-1, and PBP are differentially expressed in the
brown fat, transitional epithelium of the urinary
bladder, colonic mucosa, and mammary epithelium
of the adult mouse. PPARy and PBP are expressed in
the transitional epithelium of urinary bladder and in
brown adipose tissue, but not SRC-1. In the colonic
mucosa, PPARy expression occurs throughout the
villi, whereas the expression of both SRC-1 and PBP is
confined mostly to the crypts. The expression of both
SRC-1 and PBP is prominent in the breast epithelium
of nonpregnant, pregnant, and lactating mice,
whereas PPARy expression appeared prominent dur-
ing lactation. During early embryonic development,
PPARY, SRC-1, and PBP are differentially expressed,
with only limited cell types displaying overlapping
expression. PPARy and PBP expression overlapped in
the brown fat and urogenital sinus at stage E15.5 of
embryogenesis, whereas SRC-1 expression occurred
mostly in neuroepithelium and cartilage between
stages E9.5 and E13.5 of embryogenesis. (Am J
Patbol 1998, 153:349-354)

Peroxisomes are single membrane-bound organelles
present in most eukaryotic cells. These organelles par-

ticipate in a variety of metabolic functions such as lipid
metabolism; synthesis of cholesterol; production of bile
acids; and catabolism of purines, polyamines, and amino
acids.” Peroxisomes in liver parenchymal cells can be
stimulated to proliferate by the administration of nonmuta-
genic chemicals designated as peroxisome prolifera-
tors.? The induction of peroxisome proliferation is medi-
ated by peroxisome proliferator-activated receptors
(PPARSs) that regulate the expression of genes associ-
ated with lipid metabolism and adipocyte differentia-
tion.®~” Three isotypes of this subfamily of nuclear recep-
tor superfamily, namely PPAR«a, PPARS, and PPARy have
been identified as products of separate genes from Xe-
nopus, rodents, and humans.®'? PPARs form het-
erodimers with 9-cis-retinoic acid receptor (RXR), and
this heterodimer complex binds to peroxisome prolifera-
tor response elements on the target gene promoter as
PPAR-RXR heterodimers to initiate transcriptional activi-
ty.'® All three PPAR isotypes are generally co-expressed
in most cell types, but their relative levels of expression
appear to vary from one cell type to the other.'#~'¢
Recent investigations have revealed that nuclear re-
ceptors also interact with other nuclear proteins desig-
nated as coactivators and co-repressors and form mac-
romolecular complexes that appear to modulate
transcription.’ 2" It is highly feasible that these coacti-
vators and co-repressors may act in an intricate way to
modulate the extent of tissue/cell and species-specific
physiological processes controlled by various nuclear
receptors. In an effort to understand possible tissue- and
species-specific differences in the transcriptional activity
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of PPAR isotypes, we initiated studies to identify cofac-
tors that modulate PPAR transcriptional activity and iden-
tified mouse SRC-122 and PBP?® as PPAR coactivators.
Analysis of spatiotemporal expression patterns of these
accessory molecules by in situ hybridization and immu-
nohistochemical approaches will be necessary to gain
insights into the PPAR-controlled lipid metabolism and
adipocyte differentiation. In this report, we describe the
expression patterns of PPARy and its two activators
SRC-1 and PBP in the mouse brown adipose tissue,
urinary bladder, colon, and breast.

Materials and Methods

Animals

Male C57BL/6J mice were used in these experiments.
Embryos were from timed mating, with stage E0.5 de-
fined as noon of the day when the copulatory plug was
observed. Mouse embryos or tissues from the adult mice
were fixed in 4% paraformaldehyde for 16 to 20 hours at
4°C and paraffin embedded.

Probes

The sense and antisense riboprobes for in situ hybridiza-
tion were derived from cDNAs as follows: PPAR (nucleo-
tides 870 to 1390),'° SRC-1 (nucleotides 1 to 530),%2 and
PBP (nucleotides 1461 to 2217).2°

In Situ Hybridization

Sections 5 wm thick were cut under ribonuclease-free
conditions.®* Every 6th sagittal section for the embryos
and every 10th section for the adult tissues were stained
with hematoxylin and eosin. Each plasmid was linearized
with appropriate restriction enzymes in the polylinker to
generate sense and antisense riboprobes in the pres-
ence of a-S*-labeled UTP, (80 uCi, >1000 Ci/mmol;
Amersham Corp., Arlington Heights, IL). Hybridization,
washing, and developing conditions were as described
by Wilkinson and Nieto.?® The sections were exposed in
NTB2 emulsion (Eastman Kodak, Rochester, NY) at 4°C
for 10 days. Heochst 33258 (Boehringer Mannheim,
Mannheim, Germany) was used to counterstain the nu-
clei. Visualization and photography were performed us-
ing epifluorescence and dark-field microscopy on a Zeiss
Axiophot microscope or simple dark-field microscopy.
Identical conditions were used for sense and antisense
sections.

Results

In the adult mouse, PPARy was expressed abundantly in
all cells of the transitional epithelium of the urinary blad-
der (Figure 1, A and B). PBP expression was also noted
in the urinary bladder, but this expression appeared to be
prominent in the basal cells as compared with the differ-
entiated umbrella cell layer (Figure 1, C and F). SRC-1

expression in the urinary bladder was not appreciable.
Transitional urothelium lining the ureter and renal pelvis
also showed intense labeling for PPARy. During the em-
bryonic development, PPAR+y expression appeared
prominent in the urogenital sinus at E15.5 of embryogen-
esis (Figure 1, D and E). Brown adipose tissue expressed
PPARy abundantly at stage E15.5 of embryogenesis
along with PBP (Figure 1, G to I), and this level of expres-
sion was also maintained in the adult brown fat (not
shown). SRC-1 expression was not detected either in the
embryonic or adult brown fat.

In the colonic mucosa, PPARy, SRC-1, and PBP dis-
played a limited extent of overlapping expression (Figure
1, Jto O). PPARy expression appeared dynamic through-
out the colonic mucosa, with intense labeling of all cells
lining the villi (Figure 1, J and M). In contrast, the expres-
sion of both PBP (Figure 1, K and N) and SRC-1 (Figure
1, L and O) appeared restricted almost exclusively to
cells lining the crypts.

Another site of differential expression of PPARy and its
two coactivators was the mammary gland, in which PBP
and SRC-1 transcripts were detectable in the virgin,
pregnant, and lactating mouse mammary epithelium (Fig-
ure 2, A to C). In the mammary gland of virgin mice, few
ducts and acinar elements were present among the white
adipose tissue, and these revealed the SRC-1 and PBP
transcripts, but very little or no expression of PPARy
(Figure 2A and data not shown). During pregnancy, there
was a remarkable proliferation of ductular and acinar
structures, and these showed a prominent expression of
both PBP and SRC-1 (Figure 2, B and C). Lactating
mammary epithelium also expressed both coactivators,
and during this phase a modest level of expression of
PPARy was observed (not shown).

During murine embryogenesis, SRC-1 was detectable
as early as stage E9.5 of development and displayed
high expression in the somites and the neuroepithelium
(Figure 2D). This specific expression continued in stage
E13.5 embryo (Figure 2F) with primordia of the develop-
ing vertebrae, femur head, and ribs showing high SRC-1
expression. Interestingly, olfactory epithelium also dis-
played high SRC-1 expression. The sense controls for
E9.5 and E13.5 (Figure 2, E and G, respectively) showed
no significant signal. We were unable to detect any sig-
nificant expression of PPARy at these E9.5 and E13.5
embryogenic developmental time points (data not
shown).

Discussion

PPARYy is an important member of the nuclear receptor
superfamily.”®1° It has been shown to regulate adipo-
cyte differentiation and thus has been implicated as a key
protein that may be involved in regulating biological re-
sponses, such as thermogenesis and fat metabolism.”
Evidence also suggests that ligands for PPARy are highly
effective in reducing levels of inflammatory cytokines and
other mediators of inflammatory responses generated by
activated macrophages.?®?” Furthermore, recent studies
also demonstrate that PPARy and its heterodimeric part-
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Figure 1. Differential expression of PPARYy, PBP, and mSRC-1 mRNAs in bladder, brown fat, and colon by in situ hybridization. A to F: Expression of PPARy and
PBP in bladder. A and B: Expression of PPARy in adult mouse bladder transitional epithelium at low (X5) and high (X20) power, respectively. C: Expression
of PBP in the adult bladder transitional epithelium. D and E: antisense and sense panels, respectively, for PPARy expression in the urogenital sinus of a stage E15.5
mouse. F: Hematoxylin and eosin-stained adult urinary bladder for histological reference. A to F, arrows: Transitional epithelium; lu, lumen of the bladder. G and
H: High PPARYy and PBP expression in the E15.5 brown fat (arrows), respectively. I: Sense control for PPARy showing background signal levels compared with
G. J to O: Expression of PPARYy, PBP, and SRC-1 in the adult colon. J to L: Photographs taken at low power (X5). M to O: Photographs taken at high power (X20).
J and M denote PPARYy expression (J, arrows, colonic villi; M, arrows, entire villus), K and N denote PBP expression, and L and O denote SRC-1 expression. The
arrows in K, L, N, and O point to the crypts of the villus. In J to O, lu denotes the lumen of the colon.

ner act synergistically in the conversion of monocytes into
foam cells.?®2° |n the present study, we determined the
MRNA expression patterns of PPAR+y, SRC-1, and PBP in
several mouse tissues by in situ hybridization to gain
additional insights into the possible functional role of
PPARy at biological sites other than the adipose and
lymphoid tissues. In addition, we are also interested in
whether, at such biological sites, the PPARy expression
is coincident with the two coactivators, ie, SRC-1 and

PBP. This information is essential in understanding which
coactivators are biologically relevant in mediating PPARy
signaling. Our results demonstrate that, in the urinary
bladder and brown fat, SRC-1 is not co-expressed with
PPARYy in the adult and during embryogenesis, whereas
PBP is spatiotemporally co-expressed with PPARy in
these two tissues (Figure 1, A to |, and data not shown),
thus suggesting that SRC-1 is perhaps not biologically
relevant in PPARy signaling at these sites. In addition, the
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Figure 2. Differential expression of PBP and mSRC-1 mRNAs in murine breast and SRC-1 expression during embryogenesis by in situ hybridization. A and B: PBP
in normal and pregnant mouse breast, respectively. C: SRC-1 expression in pregnant breast. A to C, arrowheads, mammary gland epithelium. D and F: SRC-1
expression in E9.5 and E13.5 mouse embryos, respectively. ne, neuroepithelium; so, somites; oe, olfactory epithelium,; fe, femur head; ca, cartilage primordium
of the vertebral column. F, arrowhead, a developing rib. E and G are the corresponding sense controls showing background hybridization levels.

expression of PPARy and PBP in brown adipose tissue
and urothelium during embryogenesis implies a possible
role for these proteins in the differentiation of brown ad-
ipose tissue and transitional epithelium of the urinary
bladder. Another important possibility is that PPARYy,
which is activated by 15-deoxy-A'>"'* prostaglandin J,
which is present abundantly in urine, may serve as a
regulator of inflammatory response in the urinary bladder.
Because chronic inflammation appears to predispose the
transitional epithelium of the urinary bladder mucosa to
neoplastic conversion, it is reasonable to speculate that
PPARYy, by virtue of its ability to inhibit inflammatory re-
sponse and induce differentiation, may be important in
the pathogenesis of bladder cancer.

An important finding of the current study is the differ-
ential expression of PPARy, SRC-1, and PBP in the co-
lonic mucosa. The expression of all three molecules ap-
peared abundant in the cells lining the colonic crypts.
PPAR+y expression appeared robust in the differentiated
enterocytes of the colon, whereas the expression of the
two coactivators is confined mostly to the cells within the
crypts of these villi (Figure 1, J to O). It is possible that the
co-expression of both coactivators in cells lining the crypts
may be synergistically regulating the PPARvy activity in de-
termining a differentiation commitment of the immature
enterocytes. Thus, PPARy may play a basal function in the
undifferentiated enterocytes but possibly requires addi-
tional coactivators for its optimal functioning in mature
intestinal epithelium. The relative paucity of SRC-1 and PBP
in the differentiated epithelium lining the intestinal villi

suggests the presence of additional coactivators of PPARvy in
the mature epithelium of the villi. It will be of interest to
determine whether PGC-1,>° a recently discovered PPARy
coactivator that is cold-inducible in brown adipose tissue, is
also expressed in the differentiated epithelium of the intes-
tinal villi along with PPARvy. Strong RXRa expression has
been reported in the intestinal mucosa,”" which appears
similar to PPARvy distribution described in the present study,
suggesting a biological role for these two heterodimeriza-
tion partners in this cell type.

On a similar note, both PBP and SRC-1 were also
identified in the ductular epithelium of the nonlactating
and pregnant breast tissue, in which PPARy was only
found at low levels (Figure 2, A to C, and data not shown).
Nonetheless, during lactation, PPARy expression in the
breast appeared prominent. From these findings, it is
tempting to speculate that PBP and SRC-1 regulate
ductular proliferation but require PPARwy for differentia-
tion. Recently, SRC-1-null mice were shown to have de-
fects in ductular branching of the breast epithelium.®?
SRC-1, and to some extent PBP, modulate the activity of
other members of the steroid receptor family besides
PPARYy. Thus, an understanding of their biological role is
essential, especially during early development, because
embryogenesis is under the tight control of different nu-
clear receptors.

We have previously shown that PBP is ubiquitously
expressed in several mouse tissues as early as stage
E9.5 of mouse gestation. Because PBP and SRC-1 both
interact with several common nuclear receptors, we also



investigated the developmental regulation of SRC-1 in the
present study. Unlike PBP, SRC-1 expression appeared
to be limited to neural tissue and the somites in the stage
E9.5 embryo, thus suggesting that SRC-1 may be impor-
tant in the differentiation of somites into cartilage and
muscle. In this regard, its expression is coincident to
RXRvy.3" We were unable to detect significant expression
of PPARYy in the somites. It will be of interest to ascertain
whether PPARa and -§ isotypes are co-expressed with
SRC-1. If this is true, then it is tempting to speculate that
RXRy and PPARa and PPARS along with SRC-1 are the
relevant players in regulating target genes in the somites.
SRC-1 is also a member of the basic helix-loop-helix-PAS
family of transcription factors,®® and to date, its putative
heterodimerization partner has not been identified. Thus,
our results regarding its expression pattern allude to
putative biological sites for this purpose.

Detailed analysis of the relative levels of co-expression
of the three PPAR isotypes in a variety of tissues will be
necessary in view of the increasing functional implica-
tions of these three receptors. It has been reported that in
the rat, PPARa and PPARvy are co-expressed in the same
cell types in the intestinal mucosa.'® In the rabbit urinary
tract, PPARB and PPARYy are co-expressed in the transi-
tional epithelium.’® A limitation of our study is that it does
not provide information regarding the protein expression
pattern of these nuclear proteins. As appropriate re-
agents become available, such characterization would
be valuable. Nevertheless, mMRNA expression profiles are
an important step toward beginning to understand the
biology of transcription factors and co-factors. Although
the PPARYy probe we used for in situ hybridization in this
study was not designed to distinguish between PPARy1
from PPARy2,"° these results provide important prelimi-
nary understanding of the differential expression of
PPAR+y and its two coactivators. Our study focused on
selected tissues that have either been shown to be bio-
logically regulated by PPARy (eg, fat) or that demon-
strated novel expression profiles for these transcription
factors. The knowledge of the interplay between PPARs
and accessory proteins becomes important in under-
standing the control of certain biological processes, es-
pecially during development, differentiation, and carcino-
genesis. These results confirm and extend some of the
previous findings on the expression of PPARy'*~'¢ and
provide novel expression profiles for its coactivators,
SRC-1 and PBP.
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